We constructed a chimeric plasmid carrying a complete copy of the trifunctional trpC gene from the Ascomycete fungus Aspergillus nidulans. This plasmid, designated pHY201, replicates in Escherichia coli, where it confers resistance to ampicillin and chloramphenicol and complements thpC mutants lacking phosphoribosylanthranilate isomerase activity. We used pHY201 to transform an A. nidulans trpCstrain to trpC' at frequencies of >20 stable transformants per ,ug of DNA. Southern blot analysis of DNA from transformants showed that pHY201 DNA had integrated into the A. nidulans chromosomes in a majority of cases. Most of the integration events appeared to occur at the site of the tipC-allele of the recipient strain. In several instances, we succeeded in recovering pHY201, or derivatives thereof, from A. nidulans transformants by restriction endonuclease digestion of chromosomal DNA, ligation, and transformation of E. coli.
The Ascomycete fungus Aspergillus nidulans has been used extensively for the study of eukaryotic gene structure, organization, and regulation (1) (2) (3) (4) because features of its life cycle make it particularly amenable to biochemical and genetic analysis. A. nidulans has been especially valuable for investigating the genetic and molecular processes controlling fungal cell differentiation (5) (6) (7) (8) (9) . In contrast to the situation with its close relatives Saccharomyces cerevisiae (yeast) and Neurospora crassa, however, investigations of A. nidulans have not been facilitated by the availability of a tractable DNA-mediated transformation system.
We recently isolated the trifunctional trpC gene from A. nidulans (10) for use as a selective marker in transformation experiments with this organism. Here we report construction of a chimeric plasmid, designated pHY201, consisting of a complete wild-type copy of the Aspergillus trpC gene inserted into the unique Sal I site of pBR329 (11) . We find that pHY201 DNA, either in circular or linear form, transforms a trpC-A. nidulans strain to trpC+ at frequencies of >20 stable transformants per pg of DNA. The transforming DNA becomes integrated into the host genome, frequently at the site of the resident gene. In several instances, we were able to recover pHY201 in native or altered form from Aspergillus transformants by restriction endonuclease digestion of chromosomal DNA, ligation, and transformation of Escherichia coli to ampicillin resistance. Thus, pHY201 has properties that suggest that it may serve as a valuable prototype for the development of more sophisticated Aspergillus cloning vectors.
MATERIALS AND METHODS
Materials. MgSO4, /3glucuronidase (Type H2S), bovine serum albumin (essentially fatty acid free), D-sorbitol, and Trizma were purchased from Sigma; CaC12, from Mallinckrodt; polyethylene glycol 4000 and NaDodSO4 (product code 44215), from BDH; Mira-Cloth, from Calbiochem; GeneScreen membrane, from New England Nuclear; [a-32P]deoxynucleotide triphosphates (400 Ci/mmol), from Amersham; and restriction enzymes, T4 DNA ligase, and E. coli DNA polymerase I, from Bethesda Research Laboratories. Novozyme 234 was a gift from Novo Industries.
E. coli Strains. E. coli K-12 strain MC1066 (Alac-(IPOZYA)X74, galU, galK, strAR, hsdR-, trpC9830, leuB6, pyrF74::TnS (KmR); ref. 12) was used for selection of the Aspergillus trpC gene by complementation. E. coli HB101 (13) was used for routine propagation of plasmids, and DP50:SupF (14) was used for propagation of X phages.
Aspergillus Strains. A. nidulans strain FGSC237 (pabaAl yA2; trpC801) was used as the recipient in transformation experiments. The source of the wild-type copy of the A. nidulans trpC gene was strain FGSC4 (Glasgow wild type).
Plasmids and Phages. Aspergillus trpC clones were initially selected by lytic complementation (15) of E. coli MC1066 by using a recombinant phage library formed between A. nidulans nuclear DNA and X Charon 4 (9, 10). We determined that a 4.1-kilobase Xho I restriction fragment present in a phage designated XAn trpC12 contained the entire trpC gene plus about 0.4 kilobase of 3' and 5' flanking sequences (unpublished results). This fragment was recloned into the unique Sal I site of pBR329 (11) to form pHY201 (Fig. 1) .
Isolation and Labeling of DNA. Phage and plasmid DNAs were isolated by using standard procedures (16) . DNA was labeled by nick-translation (17, 18) to a specific radioactivity of 1-2 x 108 cpm/,g. Aspergillus DNA was prepared by using a modification of the rapid isolation procedure developed for yeast by Davis et al. (19) . Flasks containing 50 ml of minimal nitrate medium (20) were inoculated with 5 x 107 conidia and grown at 37°C with agitation for 48-72 hr. The mycelium was harvested by filtration through Mira-Cloth, washed with cold deionized H20, and frozen and powdered in liquid N2. The cells were rapidly suspended in 5 ml of 50 mM sodium EDTA, pH 8.5/0.2% NaDodSO4 containing 5 ,ul of diethyl oxydiformate and shaken for 1 min at room temperature. The lysate was heated to 68°C for 15 min, cooled to room temperature, and centrifuged for 15 min at 12,000 x g; 4 ml of the supernatant was transferred to a new centrifuge tube. The tube was placed on ice, 0.25 ml of 8.0 M potassium acetate (pH 4.2) was added, and the solutions were mixed thoroughly. After incubation on ice for 1 hr, the tube was centrifuged at 25 ,000 x g at 4°C for 15 min, 3 ml of the supernatant was transferred to a fresh tube, and nucleic acids were precipitated at room temperature by the addition of 3 ml of 2-propanol. The precipitate was collected by centrifugation and dissolved in 0.6 ml of TER buffer [10 mM TrisHCl, pH 7.6/1 mM Na2EDTA/10 ,ug of RNase A per ml (previously heated to 90°C for 10 min)] at room temperature. The solution was immediately transferred to a 1.5-ml microcentrifuge tube, and the DNA was precipitated at room temperature by the addition of 0.6 ml of 2-propanol and collected by centrifugation for 1 min. The pellet was finally dissolved in 50 ,ud of TER buffer. We used 5 ,ul of the DNA solution (-1 pgg of Abbreviation: ccc DNA, covalently closed circular DNA. *To whom reprint requests should be addressed.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. In a separate experiment, we used pHY201 DNA that had been linearized by digestion with Sst I, which cuts the plasmid once within the trpC protein coding region (Fig. 1) Fig. 3 . As expected, DNA from the recipient strain contained no sequences complementary to pBR329. The XAn trpC12 probe hybridized with the 4.1-kilobase Xho I fragment containing the trpC gene and with two adjacent Xho I fragments, 6 .3 and 7.9 kilobases in length (see Fig. 4 ). Three transformants, represented by HY201-3 in Fig. 3 (Fig. 4) .
Several other transformants, represented by HY201-10 and HY201-6 in Fig. 3 , are similar to transformant HY201-9 in that the 4.1-kilobase Xho I fragment was replaced by a much larger Xho I fragment that hybridized with pBR329 and with XAn trpCl2 DNA. However, with these transformants, the novel Xho I fragments were larger than predicted by integration of a single copy of pHY2O1. That multiple copies of the plasmid were present in the genome was confirmed by Sst I digestion, which yielded 8.2-kilobase fragments that hybridized with pBR329 DNA, as well as larger fragments.
These results are consistent with the presence of tandem integrated plasmid copies, some of which have been modified by rearrangements or insertions. They are also consistent with integration of one or more copies of the plasmid at the site of the resident trpC gene and integration of one or more copies elsewhere in the genome.
The final class of transformants we obtained is represented by HY201-5 in Fig. 3 . Xho I digestion of HY201-5 DNA produced the 4.1-, 6.3-, and 7.9-kilobase fragments present 1 in the recipient strain plus a larger fragment that hybridized with both pBR329 and XAn trpC12 DNA. Sst I digestion of HY201-5 DNA yielded three fragments, approximately 7.3, 8.2, and 9.0 kilobases in length, that hybridized with pBR329 ( Fig. 3) and with XAn trpC12 (data not shown). Thus, this transformant contained multiple copies of the plasmid, some of which may have been modified by rearrangements or insertions. These data indicate that integration of pHY201 DNA into the host genome occurred at a site other than the resident trpC gene (type II integration event by the classification system of Hinnen et al.; ref. 23). They also could be explained by homologous recombination in a recipient strain containing a duplicated trpC region. Arguing against the second possibility, however, is the observation that the 4.1-, 6.3-, and 7.9-kilobase Xho I fragments shown in Fig. 3 were present in approximately a 1:1:1 molar ratio, as determined by densitometry of the autoradiogram. The tentative classifications of the 15 transformants we subjected to hybridization analysis are summarized in Table 1 .
Stability of trpC' Transformants. The transformants used for the hybridization analysis shown in Fig. 3 were tested for mitotic stability by growing colonies from single conidia on medium containing L-tryptophan and then replica-plating at least 50 isolates onto selective and nonselective media. No trpC-segregants were observed with any of the transformants. The same transformants were tested for meiotic stability by allowing them to self (A. nidulans is homothallic) under nonselective conditions. At least 50 colonies derived from single ascospores were then replica-plated onto selective and nonselective media. No trpC-segregants were ob- tRefers to the form of DNA used to obtain the transformants.
tained with transformant HY201-3. With the other transformants, trpC-segregants arose at frequencies ranging from 2% (HY201-6) to 12% (HY201-10). We have not subjected the trpC-segregants to hybridization analysis. Recovery of Plasmids from Aspergillus Transformants. The results shown in Fig. 3 predicted that it would be possible to recover pHY201 from some of the Aspergillus transformants by back transformation of E. coli. To test this possibility, DNA from transformants HY201-9 and HY201-10 was digested with Sst I, ligated, and used to transform E. coli MC1066 to ampicillin resistance. In both cases, we obtained ampicillin-resistant colonies.
All of the clones we tested were also trpC'. Plasmid DNA was prepared from a number of these colonies and analyzed by restriction endonuclease digestion and agarose gel electrophoresis. Fig. 5 shows the results from some of these experiments. Several of the plasmids we recovered appeared to be identical to pHY201
(pHY201/9-1, 9-2, and 10-3), whereas several others (pHY201/10-1, 10-2, and 10-4) did not. The latter plasmids differed from pHY201 in that the 2.4-kilobase EcoRI fragment, derived from the trpC coding region (Fig. 1) , was no longer present, being replaced by a larger EcoRI fragment that lacked Sal I sites. The mechanisms giving rise to these modifications have not been investigated. It should be noted that these alterations were not expected to influence complementation of the trpC9830 mutation of E. coli MC1066
because we previously have shown that the 1.8-kilobase EcoRI-Xho I fragment of pHY201 ( Fig. 1) is sufficient for complementation of this strain (10).
DISCUSSION
We isolated the trpC gene from a wild-type strain of A. nidulans and inserted it into the bacterial plasmid pBR329 to form plasmid pHY201. Our results demonstrate that pHY201 Analysis of plasmids recovered from Aspergillus transformants. DNA from transformants HY201-9 and HY201-10 (see Fig. 3 ) was digested to completion with Sst I, ligated, and used to transform E. coli MC1066 to ampicillin resistance. Selected bacterial clones were then grown, and plasmid DNA was prepared by a rapid isolation procedure (19) . The DNA was digested with either EcoRI (E) or EcoRI/Sal I (E+S) as indicated and fractionated by electrophoresis in a 1% agarose gel. Identical digests of pHY201 DNA are shown for comparison. One Sal I-EcoRI fragment comigrated with the smallest EcoRI fragment in plasmids pHY201, 9-1, 9-2, and 10-3, while the expected Sal I-Sal I fragment shown in Fig. 1 Genetics: Yelton et aL tII DNA, either in circular or linear form, can be used to transform a trpC-strain of Aspergillus to trpC' at efficiencies similar to those observed for integrative transformation of yeast (23) and Neurospora crassa (25, 26) . The transformation procedure we used is simple, can be completed in about 6 hr, and yields conidiating colonies that can be transferred in about 2 days. We also adapted a rapid DNA isolation procedure developed for yeast (19) for use with Aspergillus and showed that DNA from some transformants can be used to recover pHY201 by transformation of E. coli. Thus, it is now possible to transform A. nidulans and to characterize DNA from the transformants in less than 2 weeks.
The types of integration events we observed in the 15 transformants investigated by hybridization analysis are analogous to those originally described for yeast by Hinnen et al. (23) (Table 1 ). The majority (12 of 15) appeared to occur at the site of the resident trpC gene in the recipient strain. Of these, most (9 of 12) involved integration of both Aspergillus and pBR329 sequences. The remainder did not involve integration of pBR329 sequences and presumably were the result of either double crossover events at the site of the resident gene or single crossover events followed by intrachromosome recombination, eliminating the trpC-allele and pBR329 DNA sequences. However, we cannot formally exclude the possibility that these trpC+ strains were revertants. These results are in contrast to those obtained with the closely related Euascomycete N. crassa, where Case et al. (25) found that only 3 of 12 transformants obtained with a qa-2/pBR322 plasmid had pBR322 sequences integrated into the host genome.
We found that representative isolates from each of the transformation classes were mitotically stable at the level of sensitivity of our experiments. This was true even for those transformants containing multiple tandem copies of trpC and pBR329 DNA. By contrast, all of the type I and type II transformants we tested showed some meiotic instability when selfed. Such instability may be the result of unequal crossing-over in the region of the inserted DNA, giving rise to deletions and further amplifications of the inserted DNA.
During the course of this work, Ballance et al. (27) reported transformation of a pyrG-A. nidulans strain by using a plasmid carrying the pyr-4 gene of N. crassa. Tilburn et al. (22) also have succeeded in transforming an amdS deletion mutant by using a recombinant plasmid carrying a wild-type copy of the amdS gene (28) . In both cases, the transforming DNA was found to be integrated into the host genome. Transformation with these plasmids occurred at low frequencies (typically -1 transformant/,ug of DNA). We recently succeeded in transforming an argB-strain of A. nidulans with a plasmid containing an argB+ allele (29) by using the procedures described in this paper (unpublished results). Therefore, it appears likely that many genes besides trpC may be suitable for the construction of integrating plasmids for this organism. The result with the N. crassa pyr4 gene (27) raises the possibility that such plasmids may be capable of transforming other Aspergilli and perhaps more distantly related Euascomycetes, including industrially, medically, and agriculturally important species.
